A calorimetric, Differential Reaction Calorimetry (DRC), study of the thermochemical of the attack of a phosphate ore from Gafsa region (Tunisia) by a mixture of sulfuric and phosphoric acid is undertaken at different solid-liquid ratio and different temperature. The plot of the quantity of heat measured by integrating the raw signal as a function of the dissolved mass in the same volume solution at 25˚C presents three straight segments attributed at the formation of the hemihydrate (CaSO 4 ·1/2H 2 O:HH), the dihydrate (CaSO 4 ·2H 2 O:DH) or a mixture of these two products checked by X-ray diffraction, infrared spectroscopy and thermal analysis (Differential Scanning Calorimeter: DSC). The attack by the acid mixture was performed at higher temperature and showed in addition the formation of another form of calcium sulfate:anhydrous (CaSO 4 :AH). Moreover, the variation of mass enthalpy versus temperature presents a break at the T = 45˚C. According to our results, it seems that the effect of the temperature on the sulfo-phosphoric attack reaction on the natural phosphate (NP) generates a change of mechanism at around 45˚C.
Introduction
Phosphates, in the form of fertilizers, are essential in the agricultural sector [1] Advances in Materials Physics and Chemistry proportions of other compounds of calcium, fluorine, iron, aluminum, quartz, les silicates and metal oxides [6] [7] . The composition of phosphate rocks varies from one deposit to another and therefore phosphate rocks from different sources are expected to behave differently in acidulation processes [8] .
It is well know that natural phosphates cannot be used directly as a fertilizer because of their insolubility to make them available to plants, phosphate are dissolved by acids. A number of published studies devoted to phosphate synthetic [9] - [16] or natural [17] - [37] in single aqueous acid solutions were carried such as phosphoric acid [10] [11] [12] [13] [21] [22] [23] , succinic acid [24] , nitric acid [28] and hydrochloric acid [9] [13] [26] [27] or mixture acid solution [33] [34] [35] [36] in literature to clarify the kinetics and process mechanism and improve the performance of phosphate attack. However, phosphate rocks decomposition by sulfuric acid remains the most widely used method [29] [30] [21] [32] and over 90% of the phosphoric acid produced worldwide is manufactured by digestion of phosphate rocks with sulfuric acid as an acidulant [37] .
The techniques used in the majority of published studies devoted to kinetics and thermodynamic reaction these works were ICP [38] , isoperibolic calorimetry [39] and microscopy [10] . These techniques, however, do not allow the accurate tracking of the natural phosphate (NP) attack process over time. There are other techniques that provide more accurate information about what happens in situ, such as microcalorimetry and Differential Reaction Calorimetry (DRC).
DRC is not widely used. In fact, only some works in our team have used this technique. Amira et al. [20] [23] used a SETARAM calorimeter DRC to study the kinetic and thermodynamic aspects of the dissolution of Tunisian phosphate ore by 25 mass % P 2 O 5 of phosphoric acid in the range 25˚C to 65˚C. The results found that the attack rate of Tunisian phosphate ore by phosphoric acid increased with increasing temperature and the kinetic results agree with the shrinking-core model with an ash layer diffusion control. The resulting apparent activation energy equals 25.4 ± 1.8 kJ·mol
. In the same context, another study was carried out by Brahim et al. [13] to investigate the attack of a Fap in the hydrochloric acid solution showed that the dissolution kinetics was examined according to the heterogeneous reaction models and proved that the dissolution is controlled by the product layer diffusion process. Regardless of the technique used, the performance of the NP attack reaction is not always satisfactory. For example, at the Tunisian industrial scale (SIAPE), 
Material and Method
Phosphates rocks were obtained from a mine located at Gafsa (Tunisia). It was supplied by the manufacture CPG (Company of Phosphate from Gafsa). The chemical composition determined by Amira et al. [23] involve thermogravimetry (B60 SETARAM microbalance), ionometry using a specific fluoride electrode ISE25F and Ag/AgCl reference electrode and inductively coupled plasma (ICP).
The DRC used is a SETARAM model which works based on the simple principle of differential thermal analysis which continuously measures a temperature difference, ΔT, between a measuring reactor and a reference one. The reliability of this apparatus for kinetic and thermodynamic studies has been intensively researched by Amira et al. [20] [23] [40] . The experimental protocol followed to study the dissolution of the NP in the sulfo-phosphoric mixture can be described 
Experimental Results

Effect of the Solid/Liquid Ratio
The dissolution of NP was performed several times by progressively increasing the mass of solid dissolved in the same volume of solvent (100 g). The thermogenesis was calculated from the knowledge of the parameters of the transfer function, determined in situ after each dissolution experiment for any mass of NP dissolved, and two peaks were obtained for the same concentration of acid at a temperature of 25˚C ( Figure 2 ). However, the representation of the heat variation, Q, measured by integrating the crude calorimetric signal as a function of the mass of phosphate dissolved in the solution S, seems to be linear and sug-gests that the same phenomenon is taking place (Figure 3 [41] . Thus, three zones have been defined and labeled respectively as zone "1, 2 and 3" (Figure 3 ), each one of them corresponding to the dissolution of the NP followed by the precipitation of one of these solids or a mixture of two of them. However, in an earlier work by Antar et al. [14] for low phosphate ratios at 25˚C, the precipitation of dihydrate was perforated whereas in the present work we have found the hemihydrate. This finding may be justified by the time of the attack reaction (longer time: five hours) which favors the transformation of HH into DH. This last observation is confirmed in another work by these authors [15] at higher temperatures (T = 55˚C). ). This result is probably due to the precipitation of the dihydrate (CaSO 4 ·2H 2 O:DH) next to the HH. The presence of these two solids was shown by the X-ray diffraction and IR spectroscopy performed on the residue obtained after the attack (Figure 4 and Figure 5 ). Indeed, for the IR spectrum, a new band was seen to appear at around 3400 cm −1 which is characteristic of the valence vibration of the O-H of the water molecule in DH [43] . Similarly, the X-ray diffraction pattern shows the appearance of the characteristic lines of DH [44] . The quantitative analysis of the characteristic peak of DH showed that the latter increases with the NP mass. This is deduced by comparing the intensity ratio characteristic of peak 14 of HH and peak 11 of DH.
Indeed, this comparison was used by Valimbe et al. to obtain quantitative information on the coexistence of these two phases [45] . Thus, the second peak of the thermogenesis calculated in this zone was attributed to the precipitation of these two products. This zone contains the industrial conditions for the production of phosphoric acid adopted by the CPG. It is defined for masses greater than 18 g. In this zone the precipitate consists essentially of DH. The thermogenesis calculated in this zone is formed by two peaks: the first peak is attributed to the dissolution of the NP while the second one is attributed to the precipitation of the DH.
To corroborate the XRD and IR results, the thermal analysis was performed for the solid residues obtained in each zone. A SETARAM Differential Scanning
Calorimeter was used and the heating rate used in all the experiments was 10˚C min −1
. Figure 6 give the curves a, b and c obtained for the solid residues in zone 1, 2 and 3 respectively.
The curve (a) shows the presence of two endothermic peaks appearing at T = 114˚C and T = 176˚C, respectively. The first one has been attributed to the moisture water, while the second one has been attributed to the decomposition of the β-hemihydrate into an anhydrite according to the reaction shown in Equation (1). This result is in agreement with that obtained by R. James et al. [46] . 
The curve (b) also reveals two endothermic effects. The first one appears at a temperature close to T = 167˚C and mainly corresponds to 1.5 mole of water per mole of calcium sulfate leaving, i.e. to the reaction described by Equation (2).
The second peak at T = 185˚C was attributed to the dehydration of HH (Equation (3)). These observations are in good agreement with similar findings by El Cadi et al. [47] and Ben Mansour et al. [48] . The curve (c) shows the presence of three endothermic peaks occurring at a temperature of 131˚C, 153˚C and 183˚C respectively. The first peak corresponds to the departure of the 1.5 moles of water from the calcium sulfate dihydrate.
The second less intense peak, at around T = 183˚C, corresponds to the dehydration of the HH into anhydrite sulfate. The results obtained are in a good agreement with those found by L. Violeta et al. [49] . The curve in this zone also reveals another endothermic phenomenon at around T = 153˚C and which can be attributed to the dehydration of the HH initially present in the residue obtained in zone 3. The explanation for this result will be seen later when we study the effect of temperature on the residue obtained after each dissolution.
Effect of Temperature on the Dissolution Reaction
At the industrial scale, the exothermic effect that results from the acid attack reaction on the NP makes it possible to maintain the temperature of the mashed mixture at about 80˚C. In order to obtain conditions close to those used in the industrial context; the attack of the NP by the acid solution was measured at different temperatures in the 25˚C -65˚C range for each of the zones obtained during the solid-liquid ratio study described above. It should be noted that it was not possible to go beyond 65˚C due to the poor stability of the apparatus at higher temperatures.
The experimental protocol used for this study is the same one adopted previously for a temperature of 25˚C and described in the study of the effect of the solid-liquid ratio. This ratio was kept constant in each of the zones (3 g for "zone T1", 15 g for "zone T2" and 25 g for "zone T3") "Zone T1" Figure 7 shows the change in the mass enthalpy r mes H ∆ calculated by integrating the raw signal as a function of temperature in the range considered. Examining this curve it can be seen that the heat quantity of the sulfo-phosphoric attack reaction undergoes a linear change until it reaches a temperature of about 35˚C followed by a random change past this temperature. In order to interpret this thermal behavior of the reaction, X-ray diffraction and IR spectroscopy of the solid residues recovered after filtration were performed. The results obtained
show that for temperatures T ≤ 30˚C the precipitate formed is purely HH. Thus, for this temperature range, the variation of the mass enthalpy follows Kirchhoff's law. However, at higher temperatures, the solid obtained after attack consists of three phases: the dihydrate, the hemihydrate and the anhydrous (AH) ( Figure 8 and Figure 9 ). The analyses performed also show that the anhydrous phase forms at a temperature of about 47˚C. Similar results were previously obtained by A. G. Ostroff et al. study of the conversion of gypsum to anhydrite in aqueous salt solutions [50] . The authors showed that the transformation of the dihydrate into an anhydrous occurs at a temperature of 46˚C ± 2˚C.
"Zone T2"
The curve in Figure 10 shows the change in the mass enthalpy versus temper-Advances in Materials Physics and Chemistry ature for "zone T2". The shape of this curve suggests the presence of two different chemical phenomena on either side of 45˚C. However, the IR and the X-Ray diffraction analysis show the coexistence of two phases: HH and DH in all residues obtained ( Figure 11 and Figure 12 ). These figures also show that the main characteristic lines of DH increase as the temperature increases. This reveals that DH increases with temperature and can thus explain the variation of the enthalpy mass in this zone. These observations are in agreement with the thermal analyses carried out on the residues obtained in the two domains (domain "a" for temperatures lower than 45˚C and domain "b" for higher temperatures). Indeed, the DSC curve ( Figure 13 ) obtained in each domains similar to that previously obtained in the study of the effect of the solid-liquid ratio obtained in "zone T2"
for a temperature of T = 25˚C.
"Zone T3" The mass enthalpy versus temperature is similar to that for "zone T2" ( Figure   14 ). Indeed, the two line segments obtained also have a break at the same temperature (T = 45˚C). This suggests that the same phenomenon occurs in both domains. However, the X-ray diffractograms and the IR spectra obtained for the solids isolated by filtration in this zone show the precipitation of HH and DH at a temperature of less than 45˚C, while for higher temperatures only the DH precipitates ( Figure 15 and Figure 16 ). These results are also corroborated by the thermal analysis of the residues obtained on either side of this temperature ( Figure 17 ). Indeed, for temperatures above 45˚C, the DSC curve is characteristic of the dehydration of DH alone and the characteristic peak of the dehydration of the hemihydrate, which was initially present, is not observed. Several authors have reported that the temperature has an inverse effect on the rate of the attack reaction [30] [51] [52] , in particular the work carried out by Yarstri. [52] and Abali [51] . For natural phosphates, these authors agree that at a temperature close to 40˚C, the rate of the attack reaction decreases as the temperature increases. According to our results, it seems that the effect of the temperature on the sulfo-phosphoric attack reaction on the NP generates a change of mechanism at around 45˚C instead of decreasing the speed of the reaction. This result is in a good agreement with previous work on the effect of temperature on the dissolution reaction of a fluorapatite by phosphoric acid [11] .
Conclusion
Attack of a phosphate ore by a mixture of sulfuric and phosphoric acid solution is a complex process beginning by dissolution of the ore and then precipitation of DH, HH or a mixture of these two products. As a concluding remark, some works dealing with phosphate ore attack agree with a diminution of the reaction rate near 40˚C when increasing temperature. Our results show rather a mechanism change at a temperature 45˚C.
